Laser spectroscopy of gas confined in nanoporous materials by Svensson, Tomas & Shen, Zhijian
ar
X
iv
:0
90
7.
50
92
v1
  [
ph
ys
ics
.at
om
-p
h]
  2
9 J
ul 
20
09
Laser spectroscopy of gas confined in nanoporous materials
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We show that high-resolution laser spectroscopy can probe surface interactions of gas confined in
nano-cavities of porous materials. We report on strong line broadening and unfamiliar lineshapes
due to tight confinement, as well as signal enhancement due to multiple photon scattering. This new
domain of laser spectroscopy constitute a challenge for the theory of collisions and spectroscopic
lineshapes, and open for new ways of analyzing porous materials and processes taking place therein.
PACS numbers: 34.35.+a; 33.70.-w; 33.70.Jg; 37.30.+i; 42.62.Fi; 81.05.Rm
The tight confinement and large surface-areas offered
by nanoporous materials give rise to numerous interesting
and useful phenomena. Important topics in this vast and
rapidly advancing field include storage of carbon diox-
ide and hydrogen [1, 2], molecular sieving [3], catalysis
[4, 5], ion exchange, melting and freezing under confine-
ment [6], luminescence of porous silicon [7], and chemical
sensing. The interactions between gases and porous ma-
terials are often of particular interest. However, due to
lack of methodologies, many processes occurring inside
nanoporous structures are not fully understood.
Here, for the first time, we show that the high-
resolution laser absorption spectroscopy allows sensing
of gases confined in nano-cavities of porous materials
and investigation of the gas-surface interactions. We re-
port that the tight confinement, i.e. frequent surface in-
teractions, results in strong (GHz) line broadening and
unfamiliar lineshapes. Severe multiple scattering, and
the corresponding long photon pathlengths, enhance our
signals and makes it possible to study weak transitions
and thin samples. The interpretation of observed high-
resolution spectra constitutes a new challenge for the
theory of collisions and spectroscopic lineshapes. This
completely unexplored domain of laser spectroscopy en-
visages new ways for studying important processes oc-
curring in nanoporous materials, such as gas adsorption,
gas transport, heterogenous catalysis, and van der Waal
interactions between surfaces and molecules. In addition,
nanoporous materials may be an interesting system for
fundamental studies of e.g. hard collisions and the cor-
responding effects on molecular spectra. Finally, as the
line broadening is shown to depend heavily on the pore
size, our work reveals a new, non-destructive technique
for pore size assessment.
High-resolution laser absorption spectroscopy is al-
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ready a well established tool for sensitive, selective and
rapid sensing of gases and atomic vapors, as well as for
investigations of intermolecular collision processes. Con-
ventionally, experiments involve open path monitoring
or measurements on free gases or vapors contained in
single- or multipass gas cells. More recently, it has also
been demonstrated that the technique can be used also
for sensing of gases dispersed inside turbid solid materials
[8]. The contrast between the sharp absorption features
of the gas phase and the slowly varying spectra of solids
renders detection of minute gas absorption feasible, even
if the solid exhibits a much stronger absorption. Instead,
the main difficulty in such experiments is the severe opti-
cal interference effects (speckle) originating from multiple
scattering in the porous material [9].
In this Letter, we present investigations of molec-
ular oxygen (O2) located in subwavelength pores of
nanoporous bulk alumina (Al2O3). Measurements have
been conducted on two materials with different pore size
distribution, both carefully characterized using mercury
intrusion porosimetry [10]. The first is a α-alumina ce-
ramic manufactured by sintering a monodispersive 0.3
µm α-alumina powder at 1000 ◦C. The resulting cylin-
drical samples are 13 mm in diameter with a thickness up
to 6 mm, having a narrow (±10 nm) pore size distribu-
tion centered around 70 nm and a total porosity of 35%.
The second material is a γ-alumina ceramic prepared by
means of spark plasma sintering, yielding a 2.2 mm thick,
12 mm diameter sample with pore sizes of 18±2 nm and
a total porosity of 50%.
In order to communicate with oxygen confined in these
materials, we utilize the R9Q10 line (760.654 nm) of the
near infrared A-band of O2, which originate from a 0← 0
vibrational transition of the b1Σ+
g
← X3Σ−
g
electronic
transition. The transition is electric dipole forbidden and
weak, having a linestrength of about 2.6× 10−13 cm2Hz
at room temperature [11]. At atmospheric conditions (1
atm, 300 K, 20.9% O2), this results in a peak absorption
coefficient of 2.7 × 10−4 cm−1 and a half width at half
maximum (HWHM, Γ) of 1.6 GHz (a 0.4 GHz Doppler
2component together with a 1.5 GHz pressure broaden-
ing, yielding a Voigt profile that can be approximated by
a Lorentz profile). Our spectroscopic instrumentation is
based on high-resolution tunable diode laser absorption
spectroscopy (TDLAS), and is combined with wavelength
modulation spectroscopy (WMS) when higher sensitivity
is needed. A detailed description of the instrumentation
and procedures for WMS signal processing is available
elsewhere [12]. Briefly, the output from a 0.3 mW tunable
single-mode vertical-cavity surface-emitting diode laser
(VCSEL) is injected centrally into the porous solid, and
the diffuse transmission is detected by a 5.6×5.6 mm2
large-area photodiode. All measurements are carried out
under atmospheric conditions, andWMS experiments are
conducted using a optical frequency modulation ampli-
tude of 2.2×1.6 GHz (i.e. maximizing then second har-
monic WMS signal of free oxygen). Speckle noise is sup-
pressed by employing mechanical dithering and averaging
[9].
Since the strength of the gas absorption imprint is pro-
portional to the pathlength through pores, the scatter-
ing properties of the samples are of paramount impor-
tance. We have measured the optical properties of our
samples by employing photon time-of-flight spectroscopy
(PTOFS) based on a pulsed supercontinuum fiber laser,
acousto optical tunable filtering and time-correlated sin-
gle photon counting [13]. We inject short (ps) light pulses
centrally into the cylindrical samples using a 600 µm op-
tical fiber, and collect the transmitted and broadened
pulses on the other side using a second 600 µm fiber. The
measurement gives us direct information on the time-of-
flight (TOF) distribution. Using a volume averaged re-
fractive index, φ×n+(1−φ)×1 where n is the refractive
index of the solid and φ the porosity, we can estimate the
corresponding pathlengths. Via diffusion theory of light
transport, we can also determine reduced scattering co-
efficients. Fig. 1 shows the scattering properties of our
two alumina materials.
The α-alumina exhibit extremely strong scattering,
and in order to fit the TOF distribution within the 12.5
ns window offered by our 80 MHz rep. rate laser we
could not perform PTOFS measurements on samples
more than 2 mm thick. The reduced scattering coeffi-
cient at 760 nm is about 2000 cm−1, meaning that the
light propagation can be though of as a random walk
of photons being isotropically scattering on average each
5 µm. For a 2 mm α-alumina sample, the average TOF
was about 1.4 ns, corresponding to a pathlength of 28 cm.
Since average pathlength is proportional to the square of
the thickness, the average pathlength of photons trans-
mitted to a 6 mm thick sample can be expected to exceed
200 cm. Such long pathlengths allows us to study the di-
rect oxygen absorption. Fig. 2 shows the experimental
high-resolution spectrum of O2 confined in the 70 nm di-
ameter pores of a 6 mm thick α-sample, and compares it
to a measurement on free oxygen (a 23 cm path through
ambient air). Data evaluation involves simultaneous fit-
ting of a linear baseline and a superimposed Lorentzian
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FIG. 1: Reduced scattering coefficients of the two alumina
materials (pore diameters of 70 nm and 18 nm, respectively).
At 760 nm, the difference in scattering is a factor 16 (2000
cm−1 against 120 cm−1). Interestingly, the sample with the
larger pores exhibit a λ−4 Rayliegh-type scattering decay,
while the sample with the smaller pores only show a λ−2
behaviour. This suggests that the major scattering contri-
bution in the latter sample originates from collective effects
rather than from individual 18 nm pores.
lineshape. While experiments on free oxygen are in good
agreement with expected line parameters, oxygen con-
fined in the α-alumina exhibit a significantly broader
spectrum (2.3 GHz HWHM, compared to 1.6 GHz for
free oxygen). Although mercury intrusion porosimetry
already have shown that the material has an open poros-
ity, we double checked this issue by flushing the sample
with nitrogen. The oxygen imprint vanished completely
almost instantaneously, further proving that we are not
measuring oxygen in closed pores with elevated pressures.
The lower scattering of the γ-alumina material makes
gas sensing more challenging. The average TOF at 760
nm was 120 ps, corresponding to a total pathlength of
about 3 cm. Although the large-area photodiode col-
lects light with slightly longer average pathlengths, the
pathlength through pores is not expected to exceed 2
cm. This corresponds to a peak absorption fraction on
the order of 10−4 or less. To be able to study such a
weak absorption, we were forced to employ wavelength
modulation spectroscopy (WMS). While increasing sen-
sitivity, WMS renders lineshape analysis less straightfor-
ward. Furthermore, in order to eliminate non-negligible
oxygen absorption originating from optical path outside
the sample, WMS measurements were made in a differ-
ential manner (the pathlength offset is determining by
measuring on a non-porous solid of equal thickness). Fig.
3 shows the resulting first (1f) and second (2f) WMS
harmonics together with fitted WMS simulations. The
tight confinement is now the dominating source of line
broadening. The linewidth is about 5 GHz, by far ex-
ceeding the 1.6 GHz exhibited by free oxygen at atmo-
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FIG. 2: Comparison of experimental lineshapes of free oxygen
and oxygen confined in 70 nm pores of α-alumina. Lorentzian
profiles (red) are fitted to experimental data (black). Fitted
lineshape halfwidths, Γ, are stated in the graph and marked
by vertical dashed lines. The fitted pathlength through pores,
L, assumes an oxygen concentration of 20.9%. For the α-
alumina sample, the detected power was 0.8 µW.
spheric pressure. Although Lorentzian lineshapes appear
to model the WMS data fairly well (at least in 1f), the
major discrepancy in fitted HWHM (Γ) and pathlength
(L) clearly shows that a Lorentzian is an improper line-
shape model. In contrast, similar WMS experiments on
the α-alumina (where the relative Lorentzian contribu-
tion from pressure broadening is strong) results in minor
differences between 1f and 2f (less than 2% and 7% dif-
ference in Γ and L, respectively), and a HWHM in good
agreement with the direct transmittance shown in Fig. 2.
As intermolecular collisions is known to be a strong
source of line broadening, it is natural to investigate
whether wall collisions may explain the broadening ex-
hibited by these tightly confined oxygen molecules. In
fact, the mean free path of O2 in air at atmospheric pres-
sure is about 60 nm. This means that nano-confinement
clearly may render wall collisions and intramolecular col-
lisions comparable sources of broadening. Broadening
of spectral lines due to wall collisions have previously
been discussed for the case of low pressure microwave
spectroscopy. There, investigations in the mTorr regime
(10−6 atmospheres) renders the mean free path compara-
ble to the size of the utilized gas cells (i.e. cm scale). The
exact nature of the broadening mechanism has been the
subject of a lively discussion [14, 15, 16]. According to
classical gas kinetics, the rate fwall at which molecules in
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FIG. 3: Intensity-corrected WMS signals (IC-WMS) obtained
from the γ-alumina sample with 18 nm pore diameters (black
solid) together with fitted WMS simulations for Lorentzian
lineshapes (red solid). The detected power was 3 µW. The
tight confinement causes significant line broadening, here il-
lustrated by a comparison to normalized WMS signals of free
oxygen (dashed red, Γ = 1.6 GHz). Stated HWHM (Γ) and
pathlength through pores (L) refer to fitted values. Note
the discrepancy in fitted values between first and second har-
monic, showing that a Lorentzian is an improper model of the
lineshape.
an ideal gas collides with the walls of its container follows
fwall =
1
τwall
=
A
V
√
kT
2pim
=
A
4V
× vavg (1)
where τwall is the average time between wall collisions,
A the container area, V the volume, k the Boltzmann
constant, T the temperature, m the molecular mass, and
vavg the average speed of O2 molecules (450 nm/ns at
300 K). It was first ”tacitly” assumed that wall colli-
sion gave rise to a Lorentzian component with a HWHM
∆ν simply given by 1/2piτwall, and that the combined
collisional component could be described by Lorentzian
with ∆νcoll = (∆ν
2
wall + ∆ν
2
mol)
1
2 . It was later theoret-
ically shown that the lineshape is not Lorentzian [16],
and that the collisional components rather are additive,
∆νcoll ≃ ∆νwall + ∆νmol (the exact relation depending
both on the container shape and the relative strength of
the two contributions) [17]. The combined effects of wall
and intermolecular collisions could, however, in practice
always be approximated by the Lorentzian lineshape.
In contrast to microwave spectroscopy, where reported
levels of wall broadening were in the kHz range, our
experiments show that molecules confined in nanopores
4exhibit broadening in the GHz range, i.e. a factor 106
stronger. A theoretical estimation is given by employing
∆ν = 1/2piτ in combination with the outcome of Eq. 1 for
e.g. spherical cavities. For 70 nm and 18 nm sphere diam-
eters, the procedure yields ∆ν’s of 1.5 and 6 GHz, respec-
tively. However, since the pore size distribution given by
mercury intrusion porosimetry measures the most narrow
passages in the pore structure [10], and since the actual
pore shape is unknown, it can not be expected that our
experiment should agree with the ∆ν expected for 70
nm and 18 nm spheres, respectively. Instead, we expect
the effective pore size to be larger, and wall broadening
therefore less pronounced. Although the exact strength
of the broadening cannot be derived from our experiment
(since the lineshape is unknown and added on top of pres-
sure broadening), these basic estimations show that the
observed levels of broadening is in agreement with the-
ory of wall collision broadening. On the other hand, we
have not yet been able to explain the discrepancy be-
tween WMS harmonics. This means that further work
on lineshape models for confined molecules are needed.
As current theory of collisions and their impact on
lineshape is not aimed at explaining the frequent sur-
face interactions of tightly confined molecules, we an-
ticipate that continued research on high-resolution spec-
troscopy of tightly confined gas will offer new surprises. It
should be noted that all measurements described above
was conducted at atmospheric pressure. In contrast to
intramolecular broadening, broadening due to wall in-
teractions is pressure independent. It is thus possible
to further isolate the phenomenon by performing exper-
iments under reduced pressures. This will allow more
careful analysis of lineshapes, as well as investigations
of surface interactions in larger pores of macroporous
materials. In fact, broadening due to wall collisions
in micrometer-sized cavities was recently encountered in
connection to low pressure spectroscopy of gas confined
in the 10 µm core of photonic crystal fibers [18, 19].
Besides being of fundamental physical interest, broad-
ening due to wall interactions can also be used for non-
destructive assessment of effective pore size. The use of
low pressures makes this approach feasible even for ma-
terials with larger pores. Furthermore, although no line
shift was observed in our experiments, van der Waals in-
teractions between surfaces and atoms or molecules may
be an important effect if our experiments are extended
to the study of other gases or vapors. Line shifts due
to coupling between atomic vapors and solid surfaces has
been demonstrated for atomic beams passing close to sur-
faces [20], as well as for vapors confined in so called ”ex-
tremely thin cells” [21, 22]. Similar experiments made on
gases confined in porous materials may be of great value
for the understanding of important processes such as gas
adsorption. Another aspect not yet mentioned is Dicke
narrowing [23], which has been shown to be influenced by
the interaction with surfaces and atoms [24]. Its relation
to our experiments on gases in porous materials remains
an open question.
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